The kinetics of iron accumulation by iron-starved Paracoccus denitrificans during the first 2 min of exposure to "5Fe-labeled ferric siderophore chelates is described. Iron is acquired from the ferric chelate of the natural siderophore L-parabactin in a process exhibiting biphastic kinetics by Lineweaver-Burk analysis. The kinetic data for 1 ,uM < [Fe L-parabactin] < 10 ,uM fit a regression line which suggests a low-affinity system (Km = 3.9 ± 1.2 ,uM, Vma,,j = 494 pg-atoms of 55Fe min-' mg of protein-'), whereas the data for 0.1 5AM < [Fe L-parabactin] c 1 1AM fit another line consistent with a high-affinity system (Km = 0.24 ± 0.06 ,uM, Vmax = 108 pg-atoms of 55Fe min'-mg of protein-l). The Km of the high-affinity uptake is comparable to the binding affinity we had previously reported for the purified ferric L-parabactin receptor protein in the outer membrane. In marked contrast, ferric D-parabactin data fit a single regression line corresponding to a simple MichaelisMenten process with comparatively low affinity (Km = 3.1 ± 0.9 ,uM, Vmax = 125 pg-atoms of 55Fe min-' mg of protein-'). Other catecholamide siderophores with an intact oxazoline ring derived from L-threonine (L-homoparabactin, L-agrobactin, and L-vibriobactin) also exhibit biphasic kinetics with a high-affinity component similar to ferric L-parabactin. Circular dichroism confirmed that these ferric chelates, like ferric L-parabactin, exist as the A enantiomers. The A forms of ferric parabactin (ferric D-and L-parabactin A), in which the oxazoline ring is hydrolyzed to the open-chain threonyl structure, exhibit linear kinetics with a comparatively high Km (1.4 ± 0.3 1AM) and high Vmax (324 pg-atoms of 55Fe min-' mg of protein-').
The gram-negative soil bacterium Paracoccus denitrificans excretes a hexacoordinate catecholamide iron chelator, a siderophore, parabactin ( Fig. 1) (36, 42) . The five aromatic hydroxyls and the oxazoline ring nitrogen of this ligand have been implicated as the donor centers coordinated to iron in the ferric L-parabactin-chelate complex (34) . Previously we demonstrated that the kinetics of iron incorporation by P. denitrificans grown in iron-deficient media is consistent with an "iron taxi" mechanism (4). In the mechanism envisaged, the ferric siderophore binds to a specific receptor protein in the outer membrane, with subsequent release of iron from the siderophore complex while still on the extracellular side of the inner cytoplasmic membrane. The released iron is then transported into the cell, while the deferrated ligand remains extracellular where it may be reused for iron transport. We have identified, isolated, and partially purified a stereospecific high-affinity receptor for ferric L-parabactin in the P. denitrificans outer membrane (10) .
Our current studies are aimed at understanding and defining the steps involved in processing the complex between initial binding to the receptor and final delivery of iron to the cytoplasm. This report examines the kinetics of iron acquisition from 55Fe-labeled ferric siderophores by iron-starved P. denitrificans. The chirality of the ferric chelates of several natural and synthetic siderophores is determined by circular dichroism and related to the kinetic findings. We confirm the presence of a high-affinity transport system for ferric L- reveals a striking stereospecificity for iron uptake. Only ferric siderophores with an intact oxazoline ring derived from L-threonine and forming the A chelate enantiomer are recognized by the high-affinity system. Although P. denitrificans very effectively acquires iron from ferric L-parabactin A, it does not use a high-affinity system. Surprisingly, ferric D-parabactin A is equally effective. We suggest that this might reflect a nonstereospecific component in ferric Lparabactin processing, an apparatus normally acting at a stage after the stereospecific high-affinity binding to the outer membrane receptor.
MATERIALS AND METHODS
Materials. 55FeCl3 (specific activity, 43 .57 Ci g-1) in 0.5 M HCI and Biofluor Scintillation Cocktail were purchased from Du Pont, NEN Research Products. Desferrioxamines B and E were gifts from CIBA-GEIGY Corp. L-Agrobactin (8), L-agrobactin A (9), L-homoparabactin (6) , and L-vibriobactin (5) were synthesized as previously reported. D-Parabactin and D-parabactin A were synthesized and purified in a manner identical to that for the corresponding L-enantiomers, but with N-tert-butoxycarbonyl-D-threonine (BOC-D-Thr) instead of BOC-L-Thr (3, 4) . UV-visible spectra were obtained on a Shimadzu spectrophotometer, optical rotations were measured on a JASCO DIP-360 polarimeter, and circular dichroism spectra were determined on a JASCO J-500 CD spectropolarimeter.
Preparation of siderophore chelates. All solutions and solvents were purged with nitrogen or argon prior to use. The ferric chelates of desferrioxamines B and E were prepared by addition of an FeCl3 stock solution in 0.1 N HCI
Structure of catecholamide siderophores used in this study. L-Parabactin and L-agrobactin are naturally occurring siderophores which contain a spermidine backbone and an oxazoline ring with two asymmetric carbons derived from L-(2S,3R)-threonine. The synthetic analog D-parabactin, prepared from D-(2R,3S)-threonine, and the homolog L-homoparabactin, in which the aminopropyl portion of spermidine is elongated by one carbon to give the bis(4-aminobutyl)amine, homospermidine, are also addressed in this communication. Hydrolysis of the oxazoline ring yields the Aforms, with an open-chain threonyl residue. L-Vibriobactin, produced by Vibrio cholerae, contains a norspermidine backbone (i.e., the aminobutyl portion of spermidine is shortened by one carbon) and two oxazoline rings derived from L-threonine. We have also examined two hexacoordinate hydroxamate siderophores (not shown), desferrioxamine B (a linear molecule), and desferrioxamine E (nocardamine; a cyclic hydroxamate) for iron transport (40) . The solution was filtered through a 0.2-,um membrane and, after the pH had been adjusted to 7.0, was passed through a column of 1,500 g of Chelex 100 resin (Bio-Rad Laboratories). The pH was again adjusted to 7.0, 300 ml of Chelextreated 20% Tween 80 solution was added to prevent clumping of cells, and the final volume was adjusted to 12 liters (final Tween concentration, 0.5%). Since the above treatments remove other trace elements and divalent cations in addition to iron, these components were added as a supplement following the Chelex column treatment so that complete minimal salts medium contained an optimized mixture of trace elements: MgSO4 (1.7 mM), Ca2+ (182 ,uM), Mn2+ (10 FM) , Zn2+ (1 ,M), Cu2+ (0.1 ,uM), and Co2+ (0.01 ,uM).
The degree of low-iron stress could then be carefully controlled by addition of a known quantity of ferric(NTA)2 (0 to 1.0 ,uM).
Bacterial strain and culture conditions. P. denitrificans ATCC 17741 was maintained on Trypticase soy agar plates (BBL Microbiology Systems). Individual colonies were inoculated into 20 ml of Trypticase soy broth (BBL) (4) and incubated with rotary shaking for 24 h at 30°C. Inoculations were then made from this culture into 50 ml of minimal salts liquid medium containing 1 ,uM Fe[III] to give a starting OD6. of 0.015 and incubated with shaking at 30°C for 16 h.
This culture was then used to inoculate a 250-ml culture flask of 50 ml of minimal salts medium containing 0.5 ,uM Fe(III) to give a starting OD660 of 0.040. The flask was incubated with shaking (120 rpm) at 30°C for 12 h. At the end of this incubation, the cells were in late log growth (OD660 = 3.0 to 3.5; growth rate proportional to 100-16t, where t is time in hours) and the medium was positive for catechols (OD515 > 0.100) when estimated by a modification of the nitrosomolybdate method of Arnow (13) . Sodium dodecyl sulfatepolyacrylamide gel electrophoresis of representative cultures showed that under these conditions the iron-regulated 80-kilodalton polypeptides were induced (10, 20, 44) . We have previously shown an outer membrane ferric L-parabactin receptor to be among these iron-regulated proteins (10) . The cells were then prepared for transport assay by centrifugation at 15 to 20°C followed by washing with iron-free minimal salts medium (transport buffer) at 15 to 20°C. The washed pellet was then suspended in transport buffer to OD660 = 1.000.
Transport assay. Polystyrene conical-bottom tubes (50 ml) were used as assay incubation vessels. The tubes, each containing 3.45 ml of cell suspension (OD660 = 1.000) were incubated with shaking in a water bath at 30°C for 15 min. min. The transport reaction was stopped by adding the portion to 5 ml of prechilled (0°C) transport buffer. Whatman GF/F fiber glass filters, which had been presoaked for 24 h in 500 ,uM unlabeled chelate and rinsed with S ml of chilled transport buffer, were used to separate cells from external medium by rapid filtration. After two rinses with 5 ml of chilled transport buffer, the filters were dried at 70°C and placed in a scintillation vial with 10 ml of Biofluor. Triplicate 100-,ul portions of each incubation mixture were counted to verify the total amount of label added. Cellassociated radioactivity was measured by liquid scintillation counting.
The six datum points taken during the first 2 min for each assay tube were fitted to a regression line with a slope equal to the initial reaction velocity (v0). These initial rates, expressed as picogram-atoms of 55Fe per minute per milligram of protein, were then used to generate LineweaverBurk plots by using Celand's Fortran program (12) 
RESULTS AND DISCUSSION
The stereospecificity of ferric parabactin transport in P. denitrificans is illustrated in Fig. 2 . Iron accumulation data from [55Fe]ferric D-parabactin fit a straight-line LineweaverBurk reciprocal plot and thus obey a simple MichaelisMenten model. Even at high concentrations, ferric D-parabactin is a poor iron source for P. denitrificans compared with ferric L-parabactin, as indicated by Vmax for iron accumulation ( Table 1 ). The stereospecific differences in uptake rates are pronounced at ligand concentrations below 1 FM, reflecting the presence of a high-affinity transport system for ferric L-parabactin.
An enlargement of Fig. 2 indicates the ferric L-parabactin data are nonlinear (Fig. 3) (17, 21) . These questions, including the possibility of allosteric regulation of iron transport in P. denitrificans, are subjects of ongoing investigation in our laboratory. The fact that all the ferric catecholamides tested which had L-oxazoline rings exhibited biphasic kinetics with a high-affinity component, while the D-oxazoline analog, ferric D-parabactin, displayed marked kinetic differences including a lack of a high-affinity component, prompted us to further investigate potential contributions of molecular dissymmetry to these distinctive kinetic features. The similarities in ring size and nature of the chelate donor centers in parabactin and its homologs allow direct comparison of their CD spectra with those of ferric hydroxamate and catecholate chelates of known absolute configuration (11, 23, 38) .
The positive CD band maxima (AE = +2.2 at 550 nm) associated with the low-energy transition in the visible spectrum (Fig. 4, insert) of ferric L-parabactin (Xmax = 516 nm) is characteristic of the A chelate enantiomer. This is in agreement with a previous report of the CD spectrum of ferric L-parabactin (34) and with high-field nuclear magnetic resonance nmr studies of gallium(III) L-parabactin (3). Our CD data (not shown; to be detailed in a separate report) indicate that the other ferric catecholamides containing an oxazoline ring derived from L-threonine (i.e., L-agrobactin, L-homoparabactin, and L-vibriobactin) all exist in solution as the A chelate enantiomers, while ferric D-parabactin is the mirror-image A chelate enantiomer (Fig. 4) . Thus, these Fig. 1 ized. In addition to L-agrobactin (35) , L-parabactin (36, 42) , ion (34) ; (iii) compared with the corresponding open-chain threonyl forms, the oxazoline ring may increase conformational rigidity and may result in a much more compact ferric chelate than is otherwise possible (34); and (iv) simple hydrolytic cleavage to open up the oxazoline provides a readily reversible means of altering these and other properties of both the free ligand and the ferric chelate; this may be important in deferration of the chelate, allowing the organism access to the iron (39 pathway. An attractive model consistent with these overall findings involves a stereospecific high-affinity binding step requiring the L-oxazoline ring, followed by a nonstereospe- , from which iron might be much more readily removed, perhaps by a nonstereospecific reductase. We are currently seeking more direct evidence for this model. A low-affinity iron uptake mechanism acting independently of the high-affinity parabactin iron transport apparatus in P. denitrificans has recently been reported (44) . The ability of P. denitrificans to accumulate iron from a variety of ferric siderophores and related ferric chelates in a nonstereospecific fashion could be due to the presence of a reductase with broad specificity. Such a ferrisiderophore reductase activity has been reported in Agrobacterium tumefaciens (28) and Bacillus subtilis (27) , and a reductase in Mycobacterium smegmatis has a Km for ferrimycobactin estimated to be <4 puM (31), a value similar to the apparent K,s for iron acquisition from the ferric parabactin A's.
Another possible mechanism to explain the loss of stereospecificity might be a ligand exchange mechanism analogous to that proposed for mycobactin-mediated iron transport in Mycobacterium spp. (37) . Preliminary experiments to assess the magnitude of metal-ligand interchange between ferric parabactin A and parabactin (see Materials and Methods) indicate that it is 4.7% over the 2-min duration of our transport experiments. However, the rates of transport actually observed correspond to about 20% of the metal transferred to the cells in 2 min. Thus, metal-ligand interchange seems insufficient to account for the high Vmax observed for iron accumulation from ferric parabactin A. Efforts are under way in our laboratory to more completely define the role, if any, of the kinetic lability of metal-ligand complexes and ligand exchange mechanisms and/or membrane reductases in the iron transport apparatus of P. denitrificans.
